INTRODUCTION
The colonial ascidian Botryllus schlosseri, most likely a Mediterranean Sea and European Atlantic species (Berrill 1950 , Millar 1969 , Stoner et al. 2002 , is one of the known cosmopolitan invaders of coastal marine communities (Berrill 1950 , Ruiz et al. 2000 , Stoner et al. 2002 , Paz et al. 2003 . In the Northern Hemisphere, this species has invaded all Atlantic coasts as far as northern Scandinavia (B. Rinkevich unpubl. data) and Canada (Carver et al. 2006 , LeGresley et al. 2008 , and along the northern Pacific coasts it is found in British Columbia, Canada (Epelbaum et al. 2009 ), and Hokkaido, Japan (Rinkevich & Saito 1992) . Its dispersal is continuously changing, and records of established new populations are constantly being added (B. Rinkevich unpubl. data). In the Southern Hemisphere, this species has been recorded in New Zealand , Australia and Tasmania (Kott 2005) , South Africa (Millar 1955 , Simon-Blecher 2003 , Chile (Castilla et al. 2005) and Argentina (Orensanz et al. 2002) . However, in contrast to the knowledge available on the Northern Hemisphere populations, the data available on the broad distribution of B. schlosseri in the Southern Hemisphere are sporadic, based on few and irregular field collections.
Botryllus schlosseri is an abundant shallow-water sedentary invertebrate, with colonies recorded from the intertidal down to 200 m depth, above and under stones, on algae and seaweeds and on artificial sub-ABSTRACT: The cosmopolitan colonial ascidian Botryllus schlosseri, most likely a Mediterranean Sea and European Atlantic species, is one of the known human-mediated invaders of coastal marine communities. Whereas numerous populations spreading along the Northern Hemisphere coasts have been intensively studied for various population genetics parameters, the data available on the Southern Hemisphere populations is sporadic, based on few and erratic field collections. By using 5 microsatellite loci, we studied gene diversity and possible introduction routes of 4 B. schlosseri populations on the east and west South American coasts. A Hardy-Weinberg exact test for all loci and all populations demonstrated a highly significant heterozygote deficiency. Analyses revealed high gene diversity in the Chilean populations of the west coast, whereas the maximal number of alleles per locus, the highest percentages of natural chimeras and private alleles and the highest levels of variability were observed in the Argentinean population of the east coast. Results further suggest that each of the Chilean populations was founded by a few genotypes. Comparing the genetic identities of South and North American B. schlosseri populations showed extensive dissimilarities, with hardly any common alleles shared, suggesting distinct B. schlosseri clades based on molecular biology data. strata . Larvae are short living (~1 h). They settle in close proximity to parental colonies (~1 m; Grosberg 1987 , Rinkevich & Weissman 1987 , Ben-Shlomo et al. 2008 , which restricts long-range dispersal to those colonies attached to ship hulls, floating objects and hard shells of traveling and hauled marine organisms (Berrill 1950 , Lambert & Lambert 1998 , Bernier et al. 2009 ). This restricted larval dispersal may shape the genetic profiles of distinct populations. Indeed, B. schlosseri populations present micro-geographic genetic structures with localized gene flows (Grosberg 1987 , Yund & O'Neil 2000 , Stoner et al. 2002 , Paz et al. 2003 . Actually, worldwide distribution and population patterns of B. schlosseri are primarily anthropogenic in nature, most likely developed during the last millennium, when European travelers began sailing and exploring the world, co-transferring the European marine biota (Van Name 1945) .
While historical records, vectors and the pace of Botryllus schlosseri introductions are mostly unknown, the use of genetic tools may help in elucidating and tracking these events (Ben-Shlomo et al. 2006) , detecting sporadic versus recurring invasions and major introduction routes. In the last decade, studies which have concentrated on aspects of population genetics mostly in the Northern Hemisphere (Mediterranean basin, European waters and the east and west coasts of the US), have elucidated high levels of gene diversity and attested repeated invasions , Stoner et al. 2002 , Paz et al. 2003 , Ben-Shlomo et al. 2006 . The population structure of B. schlosseri has rarely been examined in the Southern Hemisphere, though 1 study revealed that New Zealand's populations had probably originated from a few genotypes. By using microsatellite markers, the present study discloses aspects of B. schlosseri population genetics on the east and west coasts of South America, analyzing gene diversity and possible introduction routes.
MATERIALS AND METHODS

Sampling.
Botryllus schlosseri were sampled in South America at 4 sites, 3 along the western (Pacific, Chilean) coast (Antofagasta, A1: ~24°S; Algarrobo, A2: 31°S; and Puerto Monte Oxena (Puerto Monte, A3: 41°S) and 1 at the eastern (Atlantic, Argentinian) coast (Mar del Plata, A4: ~38°S) (Fig. 1) . All samples were collected from artificial objects and sedentary organisms in shallow waters within marinas, as colonies were not observed growing outside harbors. These collections also present the only sites where B. schlosseri populations were found in shallow water in surveys performed along > 2500 km (April-July 2008) of each of the South American coasts. The minimal distance between western populations exceeded 800 km. In total, 130 colonies were collected (30, 30, 35 and 35 from Antofagasta, Algarrobo, Puerto Monte Oxena and Mar del Plata). Colonies growing at least 1 m apart from each other were peeled off the substrate and placed in a container with fresh seawater. We chose colonies that did not show any morphological sign of natural chimerism resulting from fusion of compatible genotypes (e.g. mixed colors of a colony and/or absorption traces).
Genetic analysis. DNA extraction and microsatellite typing of colonies were performed as per . Samples from the field were placed separately into vials containing lysis buffer (Graham 1978) , homogenized and extracted with phenol/chloroform. Five Botryllus schlosseri microsatellites, BS-811 (Pancer et al. 1994) , PB-29, PB-41, PB-49 and PBC-1 (Stoner et al. 1997) , were used following primers and suggested conditions. The F-primer of each microsatellite was labeled with florescent dye (6-Fam, Vic, Ned or Pet) and amplification products were sent to an excampus fluorescence reader (Applied Biosystems). The microsatellite locus that showed the highest number of different alleles (BS-811) was run twice for all samples, labeled with 2 different florescent dyes (Vic or Pet) and sent to 2 alternative fluorescence readers to exclude Data analysis. Allele identification, genotyping and observed heterozygosity (H o ), were determined directly from the chromatographs using Genotyper software (Applied Biosystems). Genotyping errors due to null alleles, large allele dropout and scoring of stutter peaks, were tested by Micro-checker software (Van Oosterhout et al. 2004) . Expected heterozygosity (H e ) and Nei's genetic identity (I) were calculated following Nei's gene diversity (Nei 1978) . Data were analyzed using Tools for Population Genetic Analyses (TFPGA) version 1.3 (Miller 1997) and GenAlEx version 6.2 (Peakall & Smouse 2006) . The significance level of population differentiation (pairwise analysis of all populations, exact tests; Raymond & Rousset 1995) was determined after 1000 dememorization steps and 10 batches of 2000 permutations per batch, using TFPGA version 1.3 (Miller 1997) . The analysis of molecular variance (AMOVA) procedure for testing the partitioning of molecular variance within and among populations and regions followed the methods of Michalakis & Excoffier (1996) using GenAlEx6.2 (999 permutations; Peakall & Smouse 2006) . Population clustering was performed using the Bayesian partitioning approach (Corrander et al. 2009 ).
RESULTS
The 5 microsatellites were highly polymorphic, revealing in total 75 different alleles for the 4 sampled 87 (7), and the largest mean number of alleles per locus (N a = 10.2; Table 2 ). The central population in the Pacific Coast (Algarrobo) was marked by the lowest genetic variability values (H o = 0.320, H e = 0.635, N pa = 0, N a = 5.4). Despite that, this population demonstrated the highest percentage of chimeras in the pacific coast (17%; Table 2 ). The 4 populations expressed, for all loci, observed heterozygosity that was much lower than expected, resulting in positive and high F ST -values (0.401 to 0.468; Table 2 ). A Hardy-Weinberg exact test for all loci and for all populations revealed a highly significant heterozygote deficiency (p < 0.001).
Allele frequencies and distribution differed between the South American populations and allowed differentiation among them (Tables 3 & 4) . Genetic distance between populations was relatively high (0.256 to 0.614; Table 3 ), and differentiation among population pairs across all loci was highly significant (exact test, p < 0.0001; Table 3 ). Bayesian partitioning clustering revealed that each population was clustered separately (Fig. 2) : the North American populations were clustered far off the South American populations. AMOVA revealed that 87% of the calculated variance was within populations and the rest (13%) characterized the among-population aspect (Table 4) . No difference in variance was found between regions (Pacific versus Atlantic Oceans).
DISCUSSION
Origin of South American populations
European explorations during the last millennium have leapt over natural barriers between continents and initiated the introduction of non-indigenous marine species that spread to areas formerly out of their reach (Ruiz et al. 2000 , Mooney & Cleland 2001 , Stachowicz et al. 2002 . The same applies to the worldwide dispersion of Botryllus schlosseri, including its introduction to the east coast of South America. The first B. schlosseri was recorded in Argentina around 1964 (Amor 1964 cited in Orensanz et al. 2002) , more than 130 yr after its arrival on the east coast of North America in the 1830s (Van Name 1945). Documentation of B. schlosseri introduction to the west coast of North America is dated as early as 1944 (Cohen & Carlton 1995) , almost simultaneous with that documented for the western coast of South America (1948 in Coquimbo Bay, Chile, ~30°S; Van Name 1954). Therefore, it may be postulated that populations on the western South American coasts have not originated from the North American west coast or European populations. Consequently, they could originate from introduced East Asian populations, South Pacific popula-88 tions and/or by accompanying edible invertebrates that were trans-shipped for aquaculture across the South American continent (Mugetti et al. 2004 , Castilla et al. 2005 ). However, conclusive data about the actual founding time of the east and the west coasts of South America are not available.
The complete southern population genetics portrait of Botryllus schlosseri is further complicated since the South American populations were marked as genetically closer to the New Zealand populations than to North American populations. It is not clear from the current state of knowledge whether this similarity is coincidental, mirrors an assigned source of donor populations from the Pacific Ocean (New Zealand or Asia) or reflects markers for adaptations to unknown shared Southern Hemisphere conditions. The last 2 explanations may explain the high dissimilarity between North and South American populations. It will be therefore interesting to analyze the worldwide genetic divergent of B. schlosseri populations, based on additional Southern and Northern Hemisphere populations, all revealing major trajectories of population connectivity.
Dissimilarity between North and South American populations
The comparison of the genetic identities between South (present study) and North American Botryllus schlosseri populations (Stoner et al. 2002 , Ben-Shlomo et al. 2008 show extensive dissimilarities. In the present study we applied a conservative approach by analyzing only results obtained in the same laboratory, by the same sets of primers and by coalescing alleles of proximate lengths. Consequently, the calculated diversity parameters presented are actually underestimated. Nevertheless, there were hardly any common alleles shared between North and South American populations. The genetic identity values between North and South American populations were mostly lower than 0.2 and the differentiation between them as expressed by F ST values were around 0.25 (range = 0.2 to 0.3; Table 5 ). A Bayesian Partitioning approach has clustered the North American populations completely separately from the South American populations.
Both paired F ST and genetic identity values are included in a range that usually defines distinct species (Hedrick 2000) , a suggestion that has no support from classical breeding experiments (Boyd et al. 1990 ). Based on molecular biology data, genetic structuring of populations of Botryllus schlosseri were shown before , Stoner et al. 2002 , Lopez-Legentil et al. 2006 , hence the results of the present study further suggest distinct B. schlosseri clades. However, as the microsatellite allele repertoire of South American B. schlosseri populations are part of the allele panels presented by the Mediterranean and European populations , Paz et al. 2003 , BenShlomo et al. 2006 , we may conclude that all Botryllus schlosseri populations studied today belong to 89 Table 3 . Genetic distance (Nei 1978) Table 4 . Results of analysis of molecular variance (AMOVA) to test for the partitioning of molecular variance among regions (R) and among and within populations (P) of Botryllus schlosseri (T = total). Probability, P(rand ≥ data), for PhiRT, PhiPR and PhiPT is based on permutation across the full data set. PhiRT = AR/(WP + AP + AR) = AR/TOT. PhiPT = (AP + AR)/(WP + AP + AR) = (AP + AR)/TOT. 
Anthropogenic invasion and genetic variability
Genetic distances between the 4 studied populations were relatively high, marked with statistically significant differentiations. Nonetheless, 40% of the alleles were highly frequent in all Chilean populations, in spite of the exceeded 800 km geographic distance between the closest populations. The 2 southern populations, Puerto Monte and Algarrobo, showed higher genetic identity (I = 0.744) and thus were probably first populated by genetically closer genotypes, while the genotypes that founded Antofagasta site were more diverse. Although the Argentinean population was highly variable and presented a higher gene diversity and mean number of alleles, the genetic distance between this population and the 3 Chilean populations is similar to the genetic distances among the Chilean populations.
A common ancestor scenario is not in accordance with presumed historical settlement events. Moreover, since there is no evidence for connectivity between South American east and west coast Botryllus schlosseri populations, gene flow between populations cannot account for the genetic similarity between the Chilean and Argentinean populations. It may be that unnoticed introductions, like those that accompanied oyster transportation between North American coasts (Lambert & Lambert 1998) , could result in the described genetic similarities between the east and the west coast populations in South America. The extensive oyster shipments from the Atlantic coast to the Pacific coast of North America were documented between 1870 and 1930 (Cohen & Carlton 1995) . Apparently, about 9 to 10% of introductions of nonindigenous invertebrate species come from aquaculture, primarily oysters (Williams 2007) .
Genetic variability and founder genotypes
Newly established populations are frequently portrayed by the founder's effect, presenting low gene diversity and few major alleles in studied loci (Avise 1994 and references therein) . Indeed, our analysis indicates that each of the 3 Chilean populations originated from a few genotypes, presenting common alleles in every locus. The founding genotypes of Puerto Monte likely possessed alleles 214, 183, 153/156, 221 and 169 in loci BS-811, PBC-1 PB-29, PB49 and PB-41, respectively, while the Algarrobo population originated with colonies presenting alleles 214, 195, 153/156, 221 and 169 , and the Antofagasta population with alleles 178, 201, 153/156, 225 and 169 in the respective loci. The east coast population of Mar del Plata, Argentina, was more variable, showing a higher mean number of alleles (10.2) than the Chilean populations (6.9), with no clear founder alleles. Our analysis further revealed high gene diversity in all studied South American populations. Nevertheless, the level of variability in the east coast population (Mar del Plata, Argentina, H e = 0.82) was significantly higher than in the west coast populations (Chile, H e = 0.63 to 0.76, p < 0.05).
The history of European exploration to the northeast and southeast coasts of America dates back 500 to 600 yr, and exploration to New Zealand dates back 150 yr. If the major factor affecting genetic variability of a newly established population is the time since the first colonization, it is expected that gene diversity levels would correspond to this time. Consequently, it 90 (Paz et al. 2003 , Ben-Shlomo et al. 2006 ). As differences in diversities between the Argentinean population and the Chilean populations could not be attributed to earlier settlement events on the east coast, one could address the possibility of repeated colonization events in Mar del Plata. Mar del Plata is an important tourist resort and its harbor consists of a nautical sports club, a commercial port and a navy base (Spivak et al. 2006) . The La Plata River basin and the adjacent ocean has experienced massive invasion of exotic species that have successfully displaced native species (Mugetti et al. 2004 ). Invasions could probably be further enhanced by fast degradation of native biodiversity, resulting from overexploited fisheries and marine pollution (Mugetti et al. 2004) .
Allogeneic contacts between Botryllus schlosseri colonies may result in colony fusion (chimera formation). Thus the level of chimerism reflects fusion frequencies that are correlated with colony densities a few months prior to the date of collection. We define a colony as a chimera if it shows more than 2 different alleles in a single microsatellite locus. This definition underestimates the actual number of chimeras since it ignores fusions between individuals sharing the same allelic determinants. Chimeric individuals were found in all populations (Table 2) . However, the population of Mar del Plata also presents the highest number of natural chimera (29% of the samples), suggesting higher density of settled colonies in this population. 
CONCLUSIONS
